1. Oxidative phosphorylation and respiratory enzyme activities were measured in the mitochondria from the non-involved lobe of the liver in eighteen patients with massive tumour mainly localized to one lobe and from the regenerating livers of partially hepatectomized rats treated with chloramphenicol.
Introduction
Previous studies from our laboratory have shown that a decrease in the concentrations of hepatic respiratory enzymes develops with progressive deterioration in clinical status of patients with liver damage (e.g. patients with jaundice or liver cancer: Ozawa, Kitamura, Yamaoka, Mizukami, Kamano, Takeda, Takasan & Honjo, 1973a; Ozawa, Takasan, Kitamura, Yamaoka, Mizukami, Kamano, Takeda & Honjo, 1973b) . In our department a careful measurement of hepatic cytochrome a( +a3) has regularly been performed before contemplated major hepatic resection. In particular, patients with hepatic mitochondrial cytochrome a( +a3) concentrations less than 60% of those in control subjects have been found when undergoing major hepatic resection or other hepatic surgery to have a high rate of postoperative complications and high mortality due to liver failure. In the cases in which the activities of respiratory enzymes from remnant liver were within normal limits or more, major hepatic resection has successfully been performed. This criterion has been proved to be useful in providing predictive information for reducing the incidence of postoperative hepatic failure (Ozawa, Yamaoka, Kitamura, Nambu, Kamiyama, Takeda, Takasan & Honjo, 1974d) .
On the other hand, in patients whose liver was in- vaded by massive tumour localized to one lobe, the phosphorylative activity of the mitochondria from the uninvaded lobe increased to a considerably higher value than normal (Ozawa, Kitamura, Yamaoka. Kamano, Mizukami, Takeda, Takasan & Honjo, 1974b) , suggesting that mitochondrial adaptive responses might be important in maintaining steady-state synthesis of ATP in the liver. We have been interested in the molecular basis for the adaptive ability of liver mitochondria to maintain or even increase their phosphorylative activities when confronted with increasing metabolic overload as a consequence of progressive tumour growth reducing the amount of uninvaded liver remaining. In this study, evidence will be presented that an increase in the activities of respiratory enzymes or an enhancement in ATP-synthesizing activity per unit of respiratory assemblies occurs as mitochondrial adaptive responses in patients with massive liver cancer.
Methods

Patients
After informed consent had been given, a biopsy weighing about 0·6 g was taken from the edge of the uninvolved lobe of the liver in eighteen patients with liver cancer shortly after the start of therapeutic surgery. Semi-closed endotracheal anaesthesia was employed, with a mixture of halothane, nitrous oxide and oxygen. In these patients, liver tumour appeared at inspection to involve more than 30% of the liver and was mainly restricted to one lobe (primary tumour in fifteen patients, secondary in three), as previously reported (Ozawa, Kitamura, Mizukami, Yamaoka, Kamano, Takeda, Takasan & Honjo, 1972a (1) Liver tumour was mainly localized in one lobe, but a small part of the other lobe was pervaded with tumour.
(,) N = Within normal limits according to the following definition: total bilirubin (B) < 1'0 mgllOOml, blood urea nitrogen (BUN) < 20 mgllOO ml, albumin (Alb) < 3·5 gllOOml, alkaline phosphatase (AP) < 80 munitsfml, glutamic-oxaloacetic transaminase (GOT) < SOmunitsfml and lactic dehydrogenase (LDH) <200 munitsjml. (3) PIO ratio was considerably higher in the absence of Mg'+ than in its presence, although RC was higher in the presence of Mg'+.
Rats
Partial hepatectomy was performed as originally described by Higgins & Anderson (l931) in young adult male rats weighing 150 and 200 g. All animals had been fed on an adequate stock diet and no attempt was made to starve animals before killing them. Chloramphenicol semisuccinate, 0'9mmol (400 mg), which inhibits mitochondrial protein synthesis, was administered by intraperitoneal injection every 6 h as described by Firkin & Linnane (1969) .
Measurements ofoxidative phosphorylation and respiratory enzyme activities
Liver mitochondria were prepared from the human and rat material according to the method of Ozawa et al. (1972a) . Oxygen consumption was measured polarographically with a rotating electrode, as previously reported (Ozawa, Takasan, Kitamura, Mizukami, Kamano, Takeda, Ohsawa, Murata & Honjo, 1971) .The respiratory control (RC) ratio was calculated from the polarographic tracings by the method of Chance (1959) from the equation: RC ratio = rate of respiration in state 3 (in the presence of ADP)/rate of respiration in state 4 (after exhaustion of ADP). Phosphorylative efficiency was measured simultaneously with oxygen utilization by following the changes in pH with a glass electrode (Yanagimoto Co. Ltd, Kyoto, Japan) connected with a millivolt amplifier and YR-201 two-pen recorder. Records with this instrument were sufficiently accurate for measurements at a full-scale sensitivity of 0·1 pH unit with a reading error of less than 0·01 pH unit. Under the experimental conditions (pH 7'4) 0·89 mol of hydrogen ion disappeared/mol of adeno-sine diphosphate (ADP) phosphorylated (Nishimura, Ito & Chance, 1962) . The P/O ratio is expressed in mol of ATP formed/atom of oxygen consumed. The absolute phosphorylative activity is expressed per mg of mitochondrial protein. To reflect the rate of oxidation and phosphorylation per unit of respiratory assemblies (Lehninger, 1965) , the oxidative and phosphorylative activities were referred to the concentrations of cytochrome a( +a3), giving the 'cytochrome a( +a3) turnover number' (Chance & Hagihara, 1963) . These are expressed as four times the value for oxygen utilized (mol/s), or ATP formed, divided by the number of mol of cytochrome a( +a3).
The activities of respiratory enzymes were estimated from the difference spectrum obtained by scanning the anaerobic mitochondria (state 5) on a Hitachi two-wavelength, double-beam spectrophotometer (model 356) against aerobic mitochondria (state 2) as previously reported (Ozawa et al., 1972a) . Protein was determined by the method of Lowry, Rosebrough, Farr & Randall (1951) , with crystalline bovine serum albumin as standard. Table 1 shows the clinical data, laboratory findings and the measurements of mitochondrial function in the eighteen patients. Normal human liver mitochondria showed concentrations of cytochrome a( +a3) of 81 ± 2 (mean ± SEM) pmoljmg of mitochondrial protein (Ozawa et al., 1972a) . The absolute phosphorylative activity was 31·8 ±2'0 nmol of ATP synthesized min -1 mg -1 of mitochondrial protein at 22°C with glutamate as a substrate and 41'7 ± 2·6 nmol min -1 mg -1 of protein with glutamate plus succinate. When referred to the concentrations of cytochrome a( +a3), these results were equivalent to turnover numbers of 27·5 ± l'9/s with glutamate as a substrate and 36·6 ± 2'1/s with glutamate plus succinate. In the patients examined by biopsy in this study, the cytochrome a( +a3) concentrations varied remarkably from 42 to 174 pmoljmg of protein and the absolute phosphorylative activity from 14 to 62 nmol of ATP synthesized min -1 mg -1 of protein with glutamate as a substrate. In mitochondria with cytochrome a( +a3) concentration greater than 70 pmol/mg of protein, the absolute phosphorylative activity was considerably higher than in normal mitochondria, even though the activities of respiratory enzymes varied over a wide range (Fig. 1) . In -0,63 (P<0·005) . The mitochondria were classified into four groups according to their concentrations of cytochrome a( +a3) and the activity of oxidative phosphorylation was determined ( There was no obvious correlation between cytochrome a( +a3) concentration and phosphorylative activity per unit of cytochrome unless the data from patients with cytochrome concentration less than 60 pmol/mg of protein are excluded, when a strong negative correlation results. The regression equation for the relationship in mitochondria with cytochrome a( +a3) concentration greater than 70 pmol/mg of protein was y = -0·27x+63·1. The correlation coefficient was r = -0'86, P<0·005. Maximal enhancement of more than 35/s in phosphorylative activity, elevated respiratory control ratio and high P/O ratio were frequently encountered in mitochondria with the concentrations of cytochrome a( +a3) between 70 and 100 pmol/mg of protein. On the other hand, the state 3 respiration per mg of mitochondrial protein with glutamate or glutamate plus succinate as substrates was not significantly altered despite the changes in the activities of respiratory enzymes.However, the state 3 respiration per unit of cytochrome a( +a3) was negatively correlated with the concentration of cytochrome a( +a3), the correlation coefficient being -0,72 (P<0'005) with glutamate and -0'70 (P<0'005) with glutamate plus succinate. These results suggest that some stimulatory effect is being exerted on electron transfer in the liver mitochondria when activities of respiratory enzymes decrease.
Results
Patients with cytochrome a( +a3) more than 70 prnoljmg of protein tolerated hepatic resection or hepatic artery ligation well, irrespective of whether cirrhosis was present, and showed no surgical mortality (death within 30 days after operation). However, in mitochondria with concentrations of cytochrome a( +a3) less than 60 pmol/mg of protein the absolute phosphorylative activity, the respiratory control ratio and P/O ratio were severely decreased. Of four such patients, in three having exploration or choledocholithotomy hepatic insufficiencydeveloped which led to death within 30 days after operation. These mitochondrial characteristics represent the state in patients with far advanced disease, in which, we infer, mitochondrial function is unable to increase sufficiently to deal with the metabolic overload consequent upon replacement of liver tissue by tumour.
There were no significant differences in serum albumin, total bilirubin, serum alkaline phosphatase, serum glutamic-oxaloacetic transaminase and serum lactic dehydrogenase between patients having cytochrome a( +a3) concentrations more than 70 pmolr Table I Table 2. phosphorylative activity than mitochondria from control subjects. The enhancement in phosphorylative activity appears to be able to take over the mitochondrial function of the involved lobe. The results show that two mechanisms are important in increasing the mitochondrial ATP-synthesizing ability; one controlling the activities of respiratory enzymes, and the other regulating the ATP-synthesizing ability per unit of respiratory assemblies. It has well been recognized that an enhancement in mitochondrial oxidative and phosphorylative activities is associated with elevated activities of respiratory enzymes, as observed in the mitochondria from skeletal muscle of strenuously exercising rats (Oscai & Holloszy, 1971) . Whatever the exact mechanism may be, a persistent metabolic load upon remaining hepatic cells appears to influence the protein-synthesizing apparatus of the liver mitochondria and to induce the selective induction and synthesis of respiratory enzymes or structural protein.
On the other hand, a decrease in the activities of respiratory enzymes led to a corresponding increase in the phosphorylative activity per unit of cytochrome a( +a3). These indicate that control of the phosphorylative activity per unit of respiratory assemblies could be exerted through a change in the activities of respiratory enzymes. By this important rate-controlling mechanism, mitochondria could provide necessary ATP in response to a greater energy need, even if the activities of respiratory enzymes vary over a wide range. The reciprocal relationship provides further support for the hypothesis that there is some factor(s) controlling the balance between the phosphorylative activity per unit of respiratory assemblies and the amounts of respiratory enzymes. Experimentally, it has been found that the phosphorylative activity per unit of cytochrome a( +a3) increases rapidly with raised amounts of a portal factor available to mitochondria (Ozawa et al., 1972b; Ozawa, Kitamura, Yamaoka, Nanbu & Honjo, 1974a) . In addition, in regenerating liver of rats treated with chloramphenicol, the respiratory control ratio, PIa ratio, the state 3 respiration and phosphorylative activity per unit of cytochrome a( +a3) were negatively correlated with the concentration ofcytochromesa( +a3), band Ci. On the basis of these data, it is tempting to speculate that an increased amount of portal factor available to respiratory assemblies may induce conformational or configurational change of one or all respiratory elements, which results in efficient electron transport. Recently, evidence has been presented t.id-"
The formation of high-energy phosphate as ATP has a crucial role in maintaining various activities of the cell. The following conclusion can be drawn from the present study. When the metabolic load on liver is relatively mild, mitochondrial function remains unchanged. However, when the metabolic load imposed on the liver exceeds the level that can be sustained by the normal energy-producing capacity, mitochondrial function is adaptively changed to provide sufficient energy. In patients with massive tumour localized to one lobe, mitochondria from the uninvaded lobe had a considerably higher the range 100-150 pmol/mg of protein) the respiratory control ratio, state 3 respiration, PIa ratio and phosphorylative activity were remarkably higher than those in normal liver mitochondria. The net ATPsynthesizing activity of the mitochondria was maintained at normal values or greater with an enhancement of phosphorylative activity per unit of cytochrome a( +a3) even in mitochondria in which respiratory enzyme concentrations were approximately 50% of those in normal mitochondria (Fig. 4) .
K. Ozawa and 1. Honjo that insulin plays an important role in the mechanism by which the portal blood controls the metabolism of liver mitochondria (Ozawa, Yamaoka, Nambu & Honjo, 1974; Ozawa, Yamada & Honjo, 1974) .Therefore one possible rate-limiting factor for mitochondrial phosphorylative activity may be availability of insulin for respiratory assemblies. This mechanism of modulation may be of greater significance as a possible key to the molecular basis of homeostasis of energy metabolism in damaged liver than is presently recognized. Such compensatory mechanisms are probably not unique to liver containing malignant tissues and may playa significant role in maintaining the energy production of hepatocytes damaged by a wide variety of disorder (Ozawa et al., 1973b) . However, those mechanisms do not appear to be functional in mitochondria with cytochrome a( +a3)concentrations less than 50 pmol/mg of protein (Ozawa, Kitamura, Yamaoka, Mizukami, Kamano, Takeda, Takasan & Honjo, 1974c) . These mitochondria showed marked fall in the respiratory control and P/O ratio. In patients with such mitochondria, the progressive decline in high-energy phosphate production might be expected to lead to a generalized derangement of cellular metabolism, and perhaps to widespread tissue damage and necrosis.
